Pentacene thin films were grown in ultra high vacuum on amorphous SiO 2 and on a high dielectric constant material, crystalline BaTiO 3 . During pentacene deposition, substrates were held at three different temperatures (-65 0 , 25 0 and 75 0 C). In general, three different morphologies were identified: a first closed interfacial layer, a thin film mode composed of faceted grains with single molecule step height, and a volume mode with features substantially higher than those of the thin film mode. Analysis was carried out by atomic force microscopy and in some cases by synchrotron X-ray diffraction.
INTRODUCTION
Organic thin-film transistors (OTFTs) are excellent candidates for applications requiring large area coverage, low temperature deposition (e.g., on plastic substrates) and mechanical flexibility [1, 2] . An OTFT is also a useful workbench on which to study charge transport properties at the organic-dielectric interface. The field effect mobility of an OTFT can be improved by optimizing the morphology [3] of the pentacene film, especially within the first monolayers [4] to minimize the number of defects; and by employing a high dielectric constant insulator, such as perovskites [5] . A higher dielectric constant also makes it possible to generate the necessary number of charge carriers at much lower voltages [6] .
SiO 2 is currently the most commonly used gate dielectric in OTFTs, therefore, optimizing and understanding the morphology [7] of pentacene films on such dielectric is crucial to improve the performance of current devices. Optimizing higher dielectric constant materials, and studying the morphology of pentacene films on such substrates may also help to understand the role of the dielectric in the performance of an OTFT.
Here we present a study of the morphology of pentacene films grown in Ultra High Vacuum (UHV) on both SiO 2 and a high dielectric constant material (BaTiO 3 ).
EXPERIMENTAL DETAILS
Substrate and film preparation was done in an ultra high vacuum system (UHV). Prior to evaporation, substrates of thermally grown SiO 2 were cleaned with acetone in an ultrasonic bath for 10 minutes, then introduced in UHV, and annealed at 200 o C in order to facilitate identical surface conditions for all SiO 2 substrates. Pressure during pentacene deposition was ca. 1x10 -9 Torr.
High dielectric constant substrates consisted of crystalline [8] BaTiO 3 films grown at Oak Ridge National Laboratory by molecular beam epitaxy and with the [001] direction pointing perpendicular to the surface. As received films were introduced into an ultra high vacuum system (7×10 -11 Torr.) and annealed by electron bombardment at a temperature of about 600 o C for 20 minutes. Surface cleanliness was verified by X-Ray photoelectron spectroscopy, Auger electron spectroscopy and low energy electron diffraction. Pentacene films of various thicknesses were grown at different substrate temperatures: -65 o C, 25 o C, and 75 o C. A nominal deposition rate of 1 Å/min was mostly employed, but in some cases higher deposition rates were chosen. Thickness of the films was estimated with the use of a quartz crystal microbalance. Sticking coefficient and tooling factor were estimated in comparison with AFM pictures.
Substrates had also a small region covered with a masking clip to intentionally avoid deposition and to be able to look at the step between the film and the bare substrate.
Analysis was carried out by atomic force microscopy (AFM) and in some cases, by synchrotron X-ray diffraction. All AFM images were taken ex situ after letting the samples reach equilibrium at room temperature and employing a tapping mode. However, even though we do not know whether any structural changes were induced by allowing the substrates to reach room temperature, the morphology of the organic layers was found to be stable over months after removing the films from the ultra-high vacuum system.
RESULTS
The AFM studies permit us to identify three main morphologies: 1.-A closed interfacial layer formed especially at low temperatures. 
Pentacene deposited on SiO 2 substrates
On SiO 2 substrates held at -65 0 C, pentacene starts to form a completely closed interfacial layer as can be seen in figure 1 .
The AFM images shown in figures 1a and 1b were taken on the edge where the masking clip was. The region underneath the clip was therefore covered and no pentacene was deposited there. The images show the transition region between the exposed and masked zones. Furthermore, it is possible to see the nucleation of islands belonging to the second and third layers as the nominal thickness of the film is increased from 25 Å to 30 Å to 40 Å.
The height of the interfacial layer is about 20 Å. This is more than the length of a single molecule (16 Å). Therefore, the structure has to be composed by a combination of two or more molecules with to-date unknown orientation. Preliminary synchrotron X-Ray diffraction studies suggest that this interfacial layer may be amorphous.
The analysis on the terraces of the second and third layers gave a step height of about 15 Å, which corresponds to a single molecule standing almost upright, indicating the formation of a thin film mode.
However, for a film of a nominal thickness of 40 Å, wherever a third layer formed, the surrounding underlying layer has been removed. A possible explanation is the contribution of the molecules of the first and second layer to the formation of the top most layer. This indicates that the first and second layers may be unstable beyond a certain thickness where other configurations may be energetically more favorable.
For pentacene deposited on SiO 2 at room temperature (RT), the film is composed of faceted grains with single molecule step height between the terraces (figure 2). The grain size can be made larger by lowering the deposition rates (not shown).
X-Ray diffraction data (not shown) suggest that the vast majority of the film belonging to this morphology corresponds to a crystalline polymorph of pentacene that has been identified before as a thin film "phase" [3] . The morphology of thin films grown on SiO 2 at room temperature is mostly thin film mode. However, a small fraction of the crystalline bulk phase could also be identified. When pentacene is deposited on heated substrates (75 o C), surface diffusion increases and the morphology of the film changes as shown in figures 3a) and 3b). On SiO 2 substrates, it is observed that the grains form separated islands or patches. Each patch has at its center the same kind of thin film mode seen before, whereas on the peripheral part of the patch, pentacene develops a more dendritic morphology with features substantially higher than the central region. We attribute this to a volume growth mode.
Furthermore, as shown in figure 3c , Synchrotron X-Ray diffraction shows that indeed these two apparent modes correspond to two different crystallographic phases. The interplanar spacing (d-spacing) for the thin film phase of 15.49 Å is larger than the one for the bulk phase: 14.41 Å, in this case the bulk phase corresponds to the so-called volume mode. So in the thin film phase, molecules stand up more nearly vertical than in the bulk. The reported bulk phase of pentacene single crystal is a triclinic structure 9 with a=7.90 Å, b=6.06 Å, c=16.01 Å, α=101. 
Pentacene deposited on BaTiO 3 substrates
An interfacial layer also forms in BaTiO 3 substrates at -65 0 C as shown in figure 4 , however, in contrast to the interface layer formed on SiO 2 , its thickness is only about 8-9 Å, that is, less than the length of a single molecule. Figure 4a was taken on the clip edge to allow viewing of the step between the film and the substrate. AFM scan was performed in a random direction with respect to the substrate in all samples.
The grains of the second layer are smaller compared to the ones observed on SiO 2 and, moreover, they seem to be more disordered as well. The interfacial pentacene layer also shows some voids, but as opposed to films grown on cooled SiO 2 , the voids are not present near regions where a third layer has formed. It seems that in regions where a second and a third layer have started to form, the first organic layer remains stable. Thus, even if this morphology is amorphous, as the one on SiO 2 seems to be, the interaction to the substrate may be determining the thickness and stability of this interfacial layer. Films of pentacene deposited on BaTiO 3 at room temperature also develop a thin film mode (figure 5a) with terraces having single molecule steps in the first layers. However, for thicker films, a volume mode is observed (figure 5b). In films deposited on BaTiO 3 at 75 0 C, all three modes can be distinguished as shown in figure 6 .
CONCLUSIONS
Substrate material, along with preparation parameters such as substrate temperature and deposition rate are crucial for pentacene thin film morphology.
In general, films evolved in three different morphologies: an interfacial layer, a thin film mode and a volume mode, their presence being dependent on the specific substrate-film interaction and the combination of temperature and deposition rate. Table I summarizes our observations. For films grown on SiO 2 at room temperature it was possible to distinguish actual molecular orientations for thin film and bulk phases. Further X-ray diffraction studies will provide more insight into the lateral ordering for the different morphologies. Table I . Growth mode and film morphology as functions of substrate, S, and temperature, T. 
